Health monitoring of spotted hyenas (Crocuta crocuta) in the Serengeti ecosystem, Tanzania, revealed Hepatozoon infection in all of 11 immature individuals examined following death from natural causes. Hepatozoon infection was probably an important factor contributing to mortality in two cases that exhibited clinical signs of ataxia, lethargy, ocular discharge, retching, and labored breathing before death. Whether Hepatozoon infection contributed to six deaths from fire, probable lion predation and unknown causes could not be determined. Four deaths from infanticide and starvation were unlikely to be associated with Hepatozoon infection. Histologic examination revealed lung tissue infected with cyst-like structures containing protozoan stages in all eight cases examined and interstitial pneumonia in most cases. Systemic spread of infection to several organs was found in three cases. Alignment of a 426 bp sequence from the parasite's 18s rRNA gene revealed a Hepatozoon species identical to that recently described from two domestic cats in Spain and only 7 bp substitutions when a 853 bp sequence was aligned to this cat Hepatozoon species. Previous reports of infection of wild carnivores in eastern and southern Africa with an unspecified Hepatozoon species similar in appearance to H. canis may have involved the species described in this study.
INTRODUCTION
Apicomplexan hemogregarine Hepatozoon species are intracellular parasites with a life cycle that typically involves gametogenesis, fertilization, and sporogony in a hematophagus invertebrate, and merogony followed by gamontogony in a vertebrate intermediate host. Infection of the vertebrate host normally occurs by ingestion of an infected invertebrate host such as a tick (Smith, 1996) . Hepatozoon species are classified on the basis of morphologic characteristics, life history and host taxon, and molecular phylogenetic techniques are used to establish the evolutionary relationships among species (Vincent-Johnson et al., 1997; Perkins and Keller, 2001; Simpson et al., 2006a Simpson et al., , 2006b Criado-Fornelio et al., 2006) .
Globally, Hepatozoon infections in domestic and wild carnivore species have been attributed to Hepatozoon canis or closely related undetermined species (Brocklesby and Vidler, 1965; McCully et al., 1975; Conceiçã o-Silva et al., 1988; Averbeck et al., 1990; Van Heerden et al., 1995) , with the exception of the USA, where Hepatozoon americanum infects both domestic dogs (Vincent-Johnson et al., 1997) and wild carnivores (Kocan et al., 2000) . Recent phylogenetic studies of unnamed Hepatozoon species in carnivores, including pine martens (Martes martes) in Scotland (Simpson et al., 2006a) and domestic cats in Spain (Criado-Fornelio et al., 2006) , suggested that these Hepatozoon species were sufficiently genetically distinct from H. canis (96% sequence homology over a 656 bp sequence and a 908 bp sequence, respectively) to be considered distinct species.
Long-term monitoring of a population of several hundred individually known spotted hyenas (Crocuta crocuta) in the Serengeti ecosystem, Tanzania, has aimed to identify key pathogens infecting this population, to assess the impact of in-fection at an individual and population level and to compare the phylogenetic relationship of hyena pathogens to pathogens isolated from other species in the ecosystem (Haas et al., 1996; East et al., 2001 East et al., , 2004 Hö ner et al., 2006) . This study reports clinical signs and pathologic changes associated with Hepatozoon infection in immature spotted hyenas following their death from various natural causes and the phylogenetic relationship of a potentially new Hepatozoon species to genetic sequence data from other Hepatozoon species archived in GenBank.
METHODS

Sample collection
This study reports information from 11 spotted hyenas from a population of known individuals (see East et al., 2001 East et al., , 2004 that died from natural causes in the Serengeti National Park, Tanzania, 2u259S, 34u509, between 1997 and 2004 . All individuals were juveniles, that is, they were less than 2 yr of age (East et al., 2004) . The probable causes of death included disease (see below); observed fatal attacks by an adult or yearling member of the individual's social group (infanticide); predation most likely by lion (Panthera leo); burns caused by an extensive ''bush'' fire; starvation following the disappearance of the mother of a dependent offspring; and unknown causes (Table 1). In some cases only a limited number of suitable samples for analysis were obtained from different organs because of partial consumption of carcasses by scavengers and autolytic changes of tissue caused by high temperatures.
Histologic examination
Tissues sampled from 9 of 11 carcasses were first fixed in 10% neutral buffered formalin, embedded in paraffin, routinely processed, sectioned at 4 mm, and stained with hematoxilin eosin as well as Giemsa stain. The level of infection observed in examined tissue was visually determined using the number of protozoal cysts per vision field and the degree of the associated inflammatory reaction (Table 1) .
Parasite identification and genetic phylogeny
Tissues from 6 individuals were used for the genetic identification of the parasite (Table 1 ). Initially to detect the hemogregarine by PCR, DNA was extracted from frozen (280 C) tissue from three infected individuals using a commercial kit (NucleoSpin C + T; Macherey & Nagel, Dü ran, Germany). HPLC-purified primers HEMO1 and HEMO2 (Perkins and Keller, 2001) targeting the hemogregarine 18S rRNA gene fragment were used at a final concentration of 0.5 mM. The dNTPs were in a final concentration of 250 mM each (BioLine, Luckenwalde, Germany). Dynazyme II F-501L served as a DNA polymerase at a final concentration of 1 U/25 ml including the buffer system supplied with the enzyme (Finzyme, Espoo, Finland). The PCR cycling conditions (using a Biometra UNO II thermocycler, Biometra, Gö ttingen, Germany) were 94 C for 5 min, followed by 10 cycles of 56 C (including a 0.5 C decrement per cycle after the first) for 1 min, 72 C for 1 min, and 94 C for 1 min, followed by 40 cycles of 51 C for 1 min, 72 C for 1 min, and 94 C for 1 min. The PCR ended with 51 C for 1 min and a final extension at 72 C for 5 min. The amplicons were analysed in 1.5% agarose gels using a 100 bp DNA ladder (Invitrogen, Carlsbad, California) as reference.
A PCR fragment generated with primers HEMO1 and HEMO2 from one parasite isolate was cloned using the TA Cloning Kit (Invitrogen) according to manufacturer's instructions followed by cycle sequencing. The sequence contained 853 nucleotides, and BLAST search identified it as a Hepatozoon sp. 18S rRNA gene fragment. We then designed the following two nested primers: HEMO3 59-TGT GTA CAA AGG GCA GGG ACG-39 and HEMO4 59-GCG GCT TAA TTT GAC TCA ACA C-39 that amplified a PCR fragment of 462 bp length. n.e.
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n.e. PCR products were purified by treatment with ExoSAP-IT TM (USB, Cleveland, Ohio), and directly sequenced using the fluorescent BigDye Terminator Cycle Sequencing Kit v. 3.1 (ABI) and a 3100 Genetic Analyzer (ABI).
Sequences were aligned with Clustal X (Thompson et al., 1997) . Our phylogenetic analysis considered a 419 bp segment and compared the ''hyena'' isolates with 19 Hepatozoon sp. isolates, and included two Adelina sp. isolates that served as an outgroup (complete names and accession numbers are shown in Fig. 2) . A neighborjoining tree was generated with Kimura 2-parameter distances as implemented in Mega 2.1 (Kumar et al., 2001) .
RESULTS
Clinical signs
Two of 11 infected animals (case 4 and case 6, Table 1 ) had clinical signs of disease including ataxia, occasional retching, ocular discharge, and labored breathing for several days before both cubs died at an age of 1.3 and 2.2 mo, respectively. Although the mother of each cub tried to encourage her offspring to suck, both cubs stopped drinking milk within days of ataxia first being noted.
Case 4 also occasionally whined when it moved, suggesting that movement caused pain. On the day of death, both cubs showed little response to social stimuli and were severely dehydrated.
Histopathology
The level of Hepatozoon infection detected by histologic examination of various tissues from eight individuals is shown in Table 1 . All examined lung tissues contained either cyst-like structures containing protozoan stages and/or single or multiple parasite stages within the alveolar walls and most cases showed mild to severe interstitial pneumonia (Fig. 1) . In some cases pneumonia was not clearly associated with protozoal infection. Heart muscle from five individuals contained encysted parasitic stages, sometimes in association with a focal mild necrotizing myocarditis with neutrophilic infiltrates. Three individuals (cases 1, 3, 4) showed evidence of systemic spread of infection with protozoal cysts to several organs including the liver, spleen, kidney, lymph node, stomach, and skeletal muscle. Case 3 had diffuse mild sinusoidal infiltration by neutrophils, lymphocytes, and plasma cells within the liver and multifocal mild to moderate interstitial nephritis with follicular aggregations of lymphocytes and plasma cells. Pathologic examination of one animal with clinical signs (case 4) revealed disseminated protozoal organisms in various organs. The lungs had moderate interstitial pneumonia with infiltration by neutrophils, lymphocytes, plasma cells, and macrophages as well as multiple protozoal cysts within the alveolar walls. Multiple protozoal cysts were also found within the spleen, and a single protozoal cyst was noted within the lamina propria of the stomach. Additionally, lymph nodes had moderate purulent lymphadenitis.
Molecular genetic analysis
We sequenced a portion of the 18S rRNA gene from six different isolates obtained from six infected spotted hyenas, including tissue from both cubs that displayed clinical signs. All sequences were identical (Hepatozoon sp. ''hyena''; Fig. 2 ). BLAST searches in the GenBank database resulted in best matches (100% identity) with 18S rRNA genes from a Hepatozoon sp. recently detected in domestic cats in Spain (Criado-Fornelio et al., 2006 ; termed Hepatozoon sp. ''felis'' in GenBank). The complete alignment included 21 archived isolates in addition to the ''hyena'' isolates from this study. In the phylogenetic analysis, the Hepatozoon sp. from Spanish cats and the Hepatozoon sp. isolated from Serengeti spotted hyenas formed a sister cluster with the H. canis group (Fig. 2) . Comparison of sequence data from the longer clone fragment (853 bp) of the Hepatozoon sp. with the same fragment from the Hepatozoon sp. in Spanish cats revealed seven substitutions at positions 18, 20, 32, 35, 692, 754, and 843 . Nucleotide identity among these sequences was therefore 99.2%.
DISCUSSION
Hepatozoon infections in wildlife are normally subclinical (McCully et al., 1975; Averbeck et al., 1990; Kocan et al., 2000; Simpson et al., 2006a Simpson et al., , 2006b , and in this study, the majority of parasitized spotted hyenas did not show obvious clinical signs consistent with Hepatozoon infection before they died. Clinical signs consistent with those reported for Hepatozoon infections in domestic dogs (Hervas et al., 1995; Baneth et al., 1997; Vincent-Johnson et al., 1997) and experimentally infected coyote (Canis latrans) pups (Kocan et al., 2000) were observed in two young spotted hyena cubs. The death of both these young hyena cubs may indicate that Hepatozoon infection is mostly associated with mortality in young spotted hyenas, and if so, the effect of Hepatozoon infection on wild carnivore populations may be underestimated.
Our results showed mild to severe pathogenic changes associated with Hepatozoon sp. infection in a variety of tissue including necrotizing myocarditis and interstitial pneumonia. Where interstitial pneumonia was not clearly associated with protozoal infection it may have been caused by the spread of small undetected stages (merozoites) in areas of increased cellularity or other undetermined infectious agents. We found Hepatozoon sp. infection in a variety of tissues, indicating systemic infection in some individuals (Table 1) . McCully et al. (1975) also reported Hepatozoon sp. infection in similar tissues from eight adult spotted hyenas that were shot or died naturally in the Kruger National Park, South Africa. As Hepatozoon infections may compromise immune status, spotted hyenas infected with Hepatozoon sp. may be more susceptible to other pathogens (Simpson et al., 2006b) and individuals with compromised immunity may be prone to higher levels of Hepatozoon parasitemia (Hervas et al., 1995; Baneth et al., 1997 Baneth et al., , 2001 . Although Hepatozoon sp. infections in adult wild African carnivores have mostly been considered subclinical (Averbeck et al., 1990) , we found that infections in young spotted hyenas were occasionally associated with mortality.
Our phylogenetic analysis demonstrated that the Hepatozoon species infecting spotted hyenas in the Serengeti National Park was identical to two isolates from domestic cats in Spain, and that the longer 853 bp fragment from the ''hyena'' Hepatozoon isolate showed only a few substitutions when compared to the Spanish cat isolates. The Hepatozoon sp. in spotted hyenas and domestic cats in Spain, although closely related to H. canis, showed sufficient genetic divergence from H. canis to propose that this ''cat/hyena'' FIGURE 2. Phylogenetic relationship of Hepatozoon species isolated from spotted hyenas in Tanzania, East Africa, in relation to Hepatozoon species isolated from other domestic and wild carnivores based on a segment of the 18S rRNA gene.
infecting Hepatozoon should be classified as a distinct species. Our results and those from other studies (Vincent-Johnson et al., 1997; Perkins and Keller, 2001; Simpson et al., 2006b; Criado-Fornelio et al., 2006) demonstrate the value of molecular techniques to reveal the evolutionary relationship between morphologically similar Hepatozoon species.
The tick Rhipicephalus sanguineus is an important vector of H. canis worldwide (Baneth et al., 2001 ) and oocysts of Hepatozoon sp. have been reported in other tick species found on carnivores in Africa, including Rhipicephalus simus (McCully et al., 1975) . Although the vector of the ''hyena'' Hepatozoon species described in this study is unknown, it is interesting to note that McCully et al. (1975) found the sporogenous phase of Hepatozoon sp. in R. simus ticks, but not in R. sanguineus ticks collected from infected spotted hyenas. Immature spotted hyenas often groom members of their social group to remove ticks; a social behavior that would facilitate transmission of Hepatozoon infection. Vertical intrauterine transmission of the parasite may also occur, as demonstrated for H. canis infection in domestic dogs (Murata et al., 1993) .
Although it is not known whether the ''hyena'' Hepatozoon species we describe infects other wild carnivore species in Africa and Europe, it is tempting to speculate that this may be so. Several African carnivores have been described with Hepatozoon infections. For example, Averbeck et al. (1990) reported Hepatozoon sp. infection in blood smears from all of 123 lions and all eight cheetahs (Acinonyx jubatus) screened in the Serengeti National Park, and Brocklesby and Vidler (1965) reported seven wild carnivore species in East Africa infected with an unspecified Hepatozoon infection. In South Africa, McCully et al. (1975) reported a high incidence of Hepatozoon schizonts in the tissues of spotted hyenas, black-backed jackals (Canis mesomelas), cheetahs and leopards (Panthera pardus) in the Kruger National Park, and Van Heerden et al. (1995) found that 93% of 29 blood samples from African wild dogs (Lycaon pictus) contained gametocytes of Hepatozoon sp. that were presumed to be H. canis.
Our study found that although spotted hyenas in the Serengeti ecosystem are infected with a Hepatozoon species that is morphologically similar to H. canis, genetic differences between this ''hyena'' Hepatozoon variant and H. canis suggests that it may be a distinct species. Although Hepatozoon infection in adult spotted hyenas is thought to have little influence on survival, we observed mortality in young spotted hyenas that displayed clinical signs associated with Hepatozoon infections.
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